The mu opioid receptor (MOR) and metabotropic glutamate receptor 5 (mGluR5) are well-established pharmacological targets in the management of chronic pain. Both receptors are expressed in the spinal cord. MMG22, a bivalent ligand containing 2 pharmacophores separated by 22 atoms, which simultaneously activates MOR and antagonizes mGluR5, has been shown to produce potent reversal of tactile hypersensitivity in rodent models of lipopolysaccharide (LPS)-and bone cancer-induced chronic pain. This study assessed whether intrathecal MMG22 also is effective in reducing pain of neuropathic origin. Furthermore, we theorized that MMG22 should reduce hyperalgesia in nerve-injured mice in a manner consistent with a synergistic interaction between MOR and mGluR5. Several weeks after spared nerve injury, tactile hypersensitivity was reversed in mice by the intrathecal injection of MMG22 (0.01-10 nmol) but also by its shorter spacer analog, MMG10, with similar potency. The potencies of the bivalent ligands were 10-to 14-fold higher than those of the compounds upon which the bivalent structure was based, the MOR agonist oxymorphone and the mGluR5 antagonist MPEP. Coadministration of oxymorphone and MPEP demonstrated analgesic synergism, an interaction confirmed by isobolographic analysis. This study indicates that in the spared nerve injury-induced model of neuropathic pain, the 2 pharmacophores of the bivalent ligands MMG22 and MMG10 target MOR and mGluR5 as separate receptor monomers. The observed increase in the potency of MMG22 and MMG10, compared with oxymorphone and MPEP, may reflect the synergistic interaction of the 2 pharmacophores of the bivalent ligand acting at their respective separate receptor monomers.
Introduction
The escalation in opioid-induced mortality has highlighted the urgency for the development of new strategies for reducing opioid dose requirements and novel approaches for chronic pain management. 42 Among a wide range of recent therapeutic targets, a prominent line of development has been the pursuit of antagonists to the metabotropic glutamate receptor 5 (mGluR5) receptors, which are known to drive glutamate signaling under conditions of chronic pain. The gold standard mGluR5 antagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), has been shown to reduce manifestations of thermal and tactile hypersensitivity arising from various inflammatory and neuropathic preclinical pain models. 68 Furthermore, MPEP has been shown to potentiate the effects of morphine, 43, 46 which is suggestive of a positive drug-drug interaction. However, to our knowledge, the combination of MPEP with opioid analgesic agonists has not been previously assessed through isobolographic analysis for synergistic interactions. Combination drug therapy offers the opportunity to substantially decrease the effective dose for each drug, thereby reducing the total drug requirement for sufficient pain relief. 13 Synergistic interactions have been observed for drugs of many different classes 12, 21, 29, 40, 45 in rodent models of neuropathic pain. The mechanisms by which drugs of distinct classes combine to produce analgesic synergism may involve coactivation of 2 receptors in different cellular compartments (eg, presynaptic and postsynaptic) or coactivation in the same compartment with amplification at the level of downstream signal transduction. Receptors that reside in the same compartment may have the opportunity to physically associate and form heteromeric receptor complexes. Opioid receptors are known to form receptor heteromers with a variety of signaling receptors that offer altered pharmacological properties of opioid ligands after heteromer formation. 15 Although there are multiple mechanisms underlying analgesic synergism arising from coactivation of opioid receptors and other receptor classes, heteromer activation may also contribute to the effect.
Targeting putative and known receptor heteromers through bivalent drug design offers an alternative approach to combination therapy for improving the effectiveness of opioid analgesics in the treatment of chronic pain. 1, 7, 19, 24, 30, 35 Receptor heteromers
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can display distinct pharmacological properties relative to the individual receptors, 23, 50 rendering them innovative targets for the development of pain therapeutics. That mu opioid receptors (MORs) and mGluR5 receptors are both colocalized to postsynaptic spinal cord membranes, together with evidence suggesting assembly of MOR-mGluR5 heteromers in vitro, 52 supports a proposal for spinal MOR-mGluR5 heteromers. The selective targeting of such heteromers could be effective for reducing chronic pain.
Akgün et al 2 have previously proposed that a bivalent ligand (MMG22) containing both mGluR5 antagonist and MOR agonist pharmacophores could simultaneously antagonize the mGluR5 protomer and activate the MOR protomer of a putative spinal MOR-mGluR5 heteromer. MMG22 was found to produce profound antinociception without tolerance in mouse models of inflammatory pain 2 and bone cancer-induced pain. 53 Here, we present data that MMG22 is antiallodynic in nerve injury-induced neuropathic pain, although likely through the targeting of single MOR and mGluR5 receptors rather than MOR-mGluR5 heteromers. Furthermore, coadministration of the pharmacophores upon which the bivalent ligand is designed (oxymorphone and MPEP) demonstrates a synergistic interaction in neuropathic mice.
Methods

Animals
Male ICR-CD1 mice (21-24 g, Harlan) were housed with free access to food and water in a temperature-and humidity-controlled environment. Four mice were housed per cage in a 12-hour light/ dark cycle. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Minnesota.
Chemicals and reagents
The bivalent ligand MMG22 was synthesized according to previously described protocols. 2 Oxymorphone was from Mallinckrodt and Co (St. Louis, Missouri), and MPEP-HCl was from Tocris. MMG10, MMG22, and the monovalents M19 (oxymorphamine-based) and MG20 (MPEP-based) and oxymorphamine 51 were synthesized using P. S. Portoghese's laboratory. Antisera to the MOR was previously developed in-house.
Intrathecal injections
All drugs were dissolved in sterile saline and delivered in 5-mL volumes through the intrathecal injection in conscious mice. 31 Briefly, the mice were held by the iliac crest, and a 30-gauge, 0.5 inch needle attached to a 50-mL Luer-hub Hamilton syringe delivered 5 mL of injectate into the intrathecal space of the mice.
Spared nerve injury
Tactile hypersensitivity was induced using the spared nerve injury model described by Decosterd and Woolf. 18 Subjects are placed under isoflurane anesthesia, and the left sciatic nerve is exposed, along with its 3 terminal branches. The common peroneal and tibial nerves were ligated with a 5.0 silk suture. The nerves were sectioned 2 mm distal to the ligation site. The sural nerve remained uninjured.
Tactile hypersensitivity
Mice were placed on a wire mesh grid under a glass enclosure and allowed to acclimate for 30 minutes before testing. Hypersensitivity was tested using an electronic Von Frey device (Life Sciences, IITC). The tip of the stimulator was pressed to the plantar surface of both the left and the right hind paws with enough force to cause the mouse to withdraw its paw from the tip, typically with a flinching behavior. The amount of force required for the response was recorded in grams. Baseline responses were collected before spared nerve injury surgery. The %MPE was calculated using the following standard formula: [(Experimental Value 2 Control)/ (Cutoff 2 Control] 3 100. In these experiments, these categories corresponded to the following measurements: [(Postdrug Threshold Value 2 Predrug Threshold Value)/(Presurgery Baseline Threshold Value 2 Predrug Value)] 3 100. For the experimental comparisons between bivalent analogs of differing spacer lengths, the experimenter was masked to treatment.
Immunohistochemistry
Eight weeks after spared nerve ligation surgery, animals were deeply anesthetized (75 mg/kg ketamine, 5 mg/kg xylazine, and 1 mg/kg acepromazine, i.m.) and fixed by vascular perfusion as previously described. 48 Spinal cords were removed and placed in 10% sucrose in phosphate-buffered saline overnight. Immunohistochemistry was performed on thaw-mounted cryostat sections (14 mm). Rabbit anti-mGluR5 (AB AB5675 Millipore) 47 was used at a dilution of 1:1000, and guinea pig anti-MOR antiserum (custom antibody as described previously) 48 was used at a dilution of 1:500 and visualized with Cy3 anti-rabbit and Alexa 488-conjugated secondary antisera (1:200, Jackson ImmunoResearch, West Grove, PA). Sections were imaged using an Olympus FluoView FV1000 BX2 upright confocal microscope at the University of Minnesota Imaging Centers (UIC).
Data analysis
Relative potencies calculated from the dose-response data and the isobolographic analysis for evaluating interactions were calculated as described by the method of Tallarida. 56 Briefly, to test for synergistic interactions, the median effective dose (ED 50 ) values and the 95% confidence intervals of all dose-response curves were arranged around the ED 50 value using the equation (ln (10)3A50) 3 (SE of log A50). Isobolographic analysis, used for evaluating synergistic interactions, necessitates this manipulation. When testing a drugdrug interaction for synergy, additivity, or subadditivity, a theoretical additive ED 50 value is calculated for the combination based on the dose-response curves of each drug administered separately. This theoretical value is compared by a t test (P , 0.05) with the observed experimental ED 50 values of the combination. These values are based on the total dose of both drugs. An interaction is considered to be synergistic if the observed ED 50 value is significantly less (P , 0.05) than the calculated theoretical additive ED 50 value. Additivity is indicated when the theoretical and experimental ED 50 values do not differ. A subadditive interaction is indicated if the observed ED 50 value is significantly greater (P , 0.05) than the calculated theoretical additive ED 50 value. 57 The data were processed using the FlashCalc pharmacological statistics software developed by Dr. Michael Ossipov, University of Arizona, Tucson. Graphs were generated in GraphPad Prism, v. 6.0.
Results
Description of ligands
The pharmacophores of ligands were derived from the mu agonist oxymorphone 64 and the mGluR5 antagonist, methoxy-MPEP (M-MPEP). 3 The phenoxy oxygen of M-MPEP served as the point attachment for a spacer that links the mGluR5 antagonist pharmacophore to the agonist pharmacophore. The methoxy substituent of M-MPEP was replaced by an ethoxyethylamine substituent without compromising the antagonist affinity for the respective receptor. The ligand MMG22 has a 22-atom spacer between the mu and mGluR5 pharmacophores, whereas MMG10 has a 10-atom spacer between the pharmacophores. The monovalent M19 consists of the mu agonist pharmacophore attached to a 19-atom spacer; the monovalent MG20 consists of the mGluR5 pharmacophore attached to a 20-atom spacer. These structures are displayed in Figure 1 .
MMG22 reverses tactile hypersensitivity in neuropathic mice
Tactile hypersensitivity was induced by spared nerve injury and demonstrated by significantly reduced paw withdrawal thresholds on days 3, 7, 17, and 28 after surgery. These times were selected to be representative of the induction, transition, and maintenance periods of chronic pain that follow spared nerve injury. Intrathecally delivered MMG22 dose dependently reversed tactile hypersensitivity during the induction, transition, and maintenance periods of neuropathic pain ( Fig. 2A , Table 1 ). The time-effect profiles of intrathecal MMG22 on each day after injury are depicted in Figure 2B -E. Intrathecal MMG22 (1, 100, and 1000 pmol) reversed tactile hypersensitivity at 5 and 12 minutes after injection. However, tactile hypersensitivity returned by 20 minutes after injection. Higher intrathecal doses of MMG22 (5 and 10 nmol) demonstrated reversal of tactile hypersensitivity for a longer duration, out to 2 and 4 hours after injection (Fig. 2F) . Von Frey thresholds were at typical neuropathic levels by 6 hours after injection. In both sets of experiments, a vehicle control (saline) was also tested at these time points and showed no evidence of effects due to injection.
Synergistic interactions between opioids and MPEP
The high analgesic potency of the MMG22 bivalent ligand may be explained by a synergistic interaction arising from concurrent activation of MOR with inhibition of the mGluR5 receptor. To test that proposal, we assessed the analgesic interactions of the 2 monovalent ligands from which the bivalent ligand is derived: the MOR agonist oxymorphone and the mGluR5 antagonist MPEP. Both ligands reverse tactile hypersensitivity in the low nmol range. Mice were intrathecally dosed with 1, 3, and 10 nmol of oxymorphone or MPEP separately and tested at 30-minute increments after each dose to generate a cumulative dose-response curve for each ligand. Median effective dose values were calculated, and the relative potency between the 2 ligands was determined to be approximately 1.8. We, therefore, used a constant dose ratio of 1:2 oxymorphone:MPEP ( Table 2) . A third group of mice was Comparison of the resultant combination dose-response curves (Fig. 3A) illustrates an approximate 8-and 7-fold increase in the potency of oxymorphone and MPEP, respectively, when given in the presence of the other ( Table 2) . These potency shifts are of a magnitude typical of synergistic interactions. The ED 50 values and related confidence intervals were used to construct the associated isobologram (Fig. 3B) , which features that the significantly lower ED 50 values of the observed combination point relative to the theoretical additive combination ED 50 value expected were the interaction merely additive. All the dose-response data were analyzed by isobolographic analysis to determine the respective interaction. Statistical comparison (t test) of the ED 50 value of the observed combination to the theoretical additive ED 50 value indicates that the interaction is synergistic ( Table 2 ). MMG22-induced reversal of tactile hypersensitivity in neuropathic pain. Spared nerve injury surgery was performed to induce tactile hypersensitivity. Von Frey baseline (BL) thresholds were measured on days 3, 7, 17, and 28, and dose-response curves to intrathecal MMG22 were constructed. (A) Dose-response curves to MMG22 (1, 100, and 1000 pmol) were constructed on days 3, 7, 17, and 28 after surgery, n 5 3 to 8 per dose group (B-E). The duration of action of each dose of MMG22 is shown at 5, 12, and 20 minutes after the injection of MMG22 on days 3 (B), 7 (C) and 17 (D), and 28 (E) after injury. A saline-treated group was included as control. *Significant differences of the 300-and 1000-pmol dose groups at the specified time points. P , 0.05 1-way analysis of variance, the Dunnett post hoc test for comparisons with a control group (vehicle), n 5 3 to 4 subjects per group for A-D, and 8 per group for E. (F) The duration of action of a higher dose range of MMG22 at 2, 4, and 6 hours after the injection of MMG22 on day 21 after surgery. A saline-treated group was included as control. *Significant differences of the 5000-and 10,000-pmol dose groups at the specified time points. P , 0.05 1-way analysis of variance, the Dunnett post hoc test for comparisons to a control group (vehicle), n 5 3 to 5 mice per group.
To attach the chemical spacers to the mu opioid pharmacophore, oxymorphone must be transformed to oxymorphamine. Therefore, we also conducted an analysis of the interaction between oxymorphamine and MPEP in the same manner as the parent pharmacophore, oxymorphone (Fig.  3C) . We observed comparable potency to oxymorphone; the calculated potency ratio with MPEP was 1:1. Analysis was then conducted as previously described on these data to determine whether the effect of MPEP and oxymorphone given at a 1:1 ratio was synergistic, additive, or subadditive. This isobologram is presented in Figure 3D . As shown in Figure 3A , mice were intrathecally dosed with 1, 3, and 10 nmol of oxymorphamine or MPEP separately and tested at 30-minute intervals after each dose resulting in a cumulative dose-response curve for each ligand. The ED 50 values were calculated, and the relative potency between the 2 ligands was determined to be 1.4. We used a constant dose ratio of 1:1 oxymorphamine: MPEP ( Table 2) . A separate group of mice were intrathecally dosed with the combination of oxymorphamine:MPEP in a constant dose ratio of 1:1. In the case of oxymorphamine-MPEP, the combination dose -response curves reveal an approximate 5-fold increase in the potencies of oxymorphamine and MPEP, respectively, when given in the presence of the other ( Table 2 ). The corresponding isobologram (Fig. 3D) demonstrates the characteristic significantly lower ED 50 values of the observed combination point relative to the theoretical additive combination ED 50 value, and isobolographic analysis confirmed that the interaction between oxymorphamine and MPEP is also synergistic ( Table 2) . To determine the anatomical relationship of the receptors in the spinal cord, we colabeled spinal cord sections prepared from neuropathic mice. Immunoreactivity was observed for both MOR and mGluR5 in the superficial dorsal horn as has been previously reported. Although there were instances of colocalization of mGluR5-ir and MOR-ir within the same puncta, the predominant relationship of MOR and mGluR5 was in close apposition rather than colocalization (Fig. 4) .
Dose-response curves of the monovalent ligands M19 and MG20
Given the synergistic activity of the opioid agonists and MPEP monovalent compounds, it is possible that the chemical spacer is not important for the effect of the bivalent MMG22. To test this hypothesis, we evaluated the effects of monovalent ligands M19, which is oxymorphamine with a 19-atom spacer but no MPEP pharmacophore, and MG20, a monovalent ligand with MPEP as the pharmacophore and a 20-atom spacer but no oxymorphamine pharmacophore. Seven days after surgery, von Frey paw withdrawal thresholds were assessed to confirm induction of tactile hypersensitivity, and the subjects were divided into 3 groups with equivalent responses. The individual groups received intrathecal doses (0.1, 1.0, and 10 nmol) of the oxymorphamine monovalent M19 and the MPEP monovalent MG20 or a 1:1 combination of the monovalents. Mice were tested 30 minutes after administration, and a cumulative dose-response curve was generated and represented in Figure 5 . Intrathecal M19 reversed tactile hypersensitivity with comparable potency (ED 50 value 1.1 nmol, 0.45-2.9) to that of oxymorphone and oxymorphamine ( Table 2) . By contrast, MG20 had no effect. The 1:1 combination of M19 and MG20 yielded an analgesic doseresponse curve with the ED 50 value very similar to that of M19 when given alone (Fig. 5) . Therefore, unlike the MPEP small molecule, the attachment of the spacer rendered the monovalent MG20 ineffective and unable to interact with M19 in the same manner demonstrated by the small molecules oxymorphone or oxymorphamine and MPEP. We speculate that the presence of the opioid pharmacophore constrains the spacer in a manner that enables the MPEP pharmacophore.
Comparison of spacer length on effects of MMG22 and MMG10
It has been previously shown that the number of atoms that comprise the spacer length between the 2 pharmacophores can greatly affect the potency of bivalent ligands, 16 including those with the oxymorphone and MPEP pharmacophores. 53 Therefore, we conducted a direct side-by-side comparison of the dose effect of MMG22 (spacer length of 22 atoms) and MMG10 (spacer length of 10 atoms). In contrast to previous reports in both LPS-induced inflammation 2 and cancer-induced pain, 53 we observed that intrathecally delivered MMG10 reversed nerve injury-induced tactile hypersensitivity with comparable potency with MMG22 (Fig. 6) ; there was no significant difference between the ED 50 values for the 2 compounds. Median effective dose values of low doses of MMG22.
Discussion
Chronic neuropathic pain is recognized as an important public health challenge carrying significant burden for individuals and society. 32 The prevalence of neuropathic pain is estimated between 7% and 10% in the population. 60 New mechanismdriven pharmacological treatments 27 have targeted neuropathic pain, but with varying effectiveness 5 and side-effect limitations. Support for providing appropriate opioid treatment to patients with pain was recently reaffirmed in the National Pain Strategy. 42 However, the risk of addiction for some patients and the diversion to the general population diminishes support for providing opioid medication to noncancer pain patients. 42 Consensus centers around strategies to optimize therapy while reducing risk, including lowering opioid doses, reducing the duration for opioid treatment, optimizing effective combinations, and identifying new drugs. Through the simultaneous targeting of MOR and mGluR5 via a single bivalent ligand MMG22, a new mechanism-driven combination treatment has emerged.
Role of mu opioid receptor in neuropathic pain
Varying viewpoints remain regarding the effectiveness of MOR analgesics in neuropathic pain. Arner and Meyerson 4 reported that opioids are less effective for the treatment of neuropathic pain, and the preclinical literature indicated reduced effectiveness of intrathecal morphine in neuropathic rats. 9, 37 Complementarily, MOR expression decreased in dorsal root ganglia after peripheral axotomy. 66 However, in the same preclinical studies, intraperitoneally or intracerebroventricularly delivered morphine inhibited tactile hypersensitivity in a dose-dependent manner. The ligands were then coadministered at a constant oxymorphone:MPEP dose ratio of 1:2 based on the potency ratio between agonists. Therefore, different doses of each drug are used in the combination. Note that the combination dose-response curves are plotted as the doses of oxymorphone used in the presence of MPEP (half-filled circles) and conversely MPEP in the presence of oxymorphone (half-filled diamonds); these 2 dose-response curves represent the same data. To visually compare each drug given by itself to the increase its potency when given as part of the combination, each drug in the combination is represented individually on the graph. Because there are different doses used in the low, medium, and high efficacy dose combinations for oxymorphone:MPEP, the display results in 2 separate dose-response curves for the combination, although it is delivered as 1 single combined drug administration at every point. The doses are separated on the graph to enable direct comparisons with the single ligand dose-response curves. (B) Isobolographic analysis applied to the data from Figure 3A . The x-intercept represents the median effective dose (ED 50 ) value for oxymorphone, and the y-intercept represents the ED 50 value for MPEP. The observed combination ED 50 value (plotted as the filled circle) was significantly lower (P , 0.05; Student t-test) than the theoretical additive ED 50 value (plotted as the open circle), indicating that the interaction is synergistic in neuropathic mice. (C) Oxymorphamine (filled circles) and MPEP (white diamonds) also inhibited tactile hypersensitivity in a dose-dependent manner. In the case of the oxymorphamine:MPEP combination, the potencies of each ligand when given individually are comparable, and therefore, the ligands were coadministered (half-filled diamonds) at a constant oxymorphamine:MPEP dose ratio of 1:1. Note that the combination dose-response curves are plotted as the doses of oxymorphone used in the presence of MPEP and conversely MPEP in the presence of oxymorphone; however, these are the same data. In other words, the same doses for each drug are given in the combination at the low, medium, and high efficacy points. Consequently, the dose-response curve for oxymorphone and the dose-response curve for the MPEP appear on the graph as 1 single dose-response curve, consistent with the single combined administration at every point. Direct comparisons with the single ligand dose-response curves can be made from the single combination dose-response curve to either of the individual dose-response curves. (D) Isobolographic analysis applied to the data from Figure 3C . The x-intercept represents the ED 50 value for oxymorphamine, and the y-intercept represents the ED 50 value for MPEP. The observed combination ED 50 value (plotted as the filled circle) was significantly lower (P , 0.05; t test) than the theoretical additive ED 50 value (plotted as the open circle), indicating that the interaction is synergistic in neuropathic mice. See Table 2 9, 37 Similarly, intrathecal morphine showed no difference in potency between neuropathic mice and controls. 22 Robust reduction of thermal and tactile hypersensitivity in neuropathic rats was also observed with either oral 17 or intraplantar morphine. 41 Mu opioid receptor agonist medications 34 are believed to be effective in human neuropathic pain when given in sufficient doses and/or in combination with adjuvants. 61 However recent meta-analyses 20, 26, 55 have concluded that the evidence for opioid effectiveness under conditions of neuropathic pain is either moderately supportive or inconclusive due to the broad heterogeneity of neuropathic conditions comprising the clinical trials. The emphasis has shifted to whether opioids should not be given for chronic nonmalignant pain because of the risks of addiction and overdose. The neuropharmacology of opioid addiction was defined primarily by decades of preclinical studies of subjects with presumptive normal sensory thresholds. 6 The few studies of opioid responding in neuropathic pain subjects demonstrated that establishment of prescription opioid-maintained responding 38 or conditioned place preference 44 is significantly diminished compared with controls. 63 Consistent with those observations, dopamine levels in the ventral striatum are reduced in subjects with neuropathic pain. 58 Still, the increased prevalence of opioid addiction and opioid-induced mortality has resulted in a necessary reprioritization of treatment approaches, including opioid dose reduction and expanded development of nonopioid analgesics.
Role of metabotropic glutamate receptor 5 receptor in neuropathic pain
The contribution of mGluR5 to neuropathic pain is well established.
25 mGluR5 is localized to unmyelinated nociceptive peripheral sensory neurons 8 and postsynaptic neurons in the spinal cord dorsal horn. 33 Subcellular expression patterns of mGluR5 appear altered under conditions of neuropathic pain; a reduction in plasma membrane and an increase in the nuclear membrane expression of mGluR5 after spared nerve injury have recently been observed. 62 MPEP moderately reduces tactile 43, 67, 68 and cold 43 hypersensitivity in nerveinjured mice. Systemically or spinally delivered MPEP reduces spontaneous and evoked responses of wide dynamic range neurons in nerve-injured rodents. 54 MPEP also potentiates morphine inhibition of neuropathic pain 43, 67 and reduces opioid analgesic tolerance. 43, 67 There is evidence for MPEP effects on NR2B-containing N-methyl-D-aspartate receptors, 36 which may explain its inhibition of the development of opioid tolerance. There remains interest in developing therapeutic negative allosteric modulators that selectively target mGluR5.
14,65 However, higher doses of systemically delivered MPEP (100 mg/kg) and the analog 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) (30-100 mg/kg) resulted in reduction of locomotor activity and impairment of rotarod performance. 68 These doses were comparable with or less than an order of magnitude higher than the effective analgesic doses (10-30 mg/kg). Therefore, minimizing the dose range needed for analgesia may be important for developing mGluR5 antagonists.
Concurrent targeting of mu opioid receptor and metabotropic glutamate receptor 5
This study examined the effect of a bivalent ligand, MMG22, containing the mGluR5 antagonist MPEP and the oxymorphone-derived MOR agonist in chronic neuropathic pain. Previous work with MMG22 has demonstrated inhibition of pain behaviors in models of inflammatory 2 and chronic bone cancer-induced pain. 53 When delivered intrathecally, MMG22 demonstrated the greatest analgesic potency among a series of analogs with variable spacer length, in LPS-treated mice. 2 Furthermore, an approximate 4700-fold increase in MMG22 potency was observed in LPS mice as compared to control mice. In addition, MMG22 reduced tactile hypersensitivity in a model of bone cancer-induced pain. Interestingly, the potency of MMG22 increased up to 570-fold with progressive increase in bone tumor growth and subsequent hyperalgesia. 53 In contrast to these substantial shifts in MMG22 potency observed in these models, we observed that MMG22 reversed neuropathic pain with a 10-fold greater potency than the individual pharmacophores in the spared nerve injury model of neuropathic pain. The duration of effect was short but was prolonged with increasing dose. To determine whether analgesic synergism could contribute to the effect of MMG22 in neuropathic pain, we examined the interactions between oxymorphone or oxymorphamine and MPEP. Oxymorphone is the MOR agonist upon which the opioid pharmacophore of MMG22 is based. Oxymorphone is converted to oxymorphamine to enable attachment of the chemical spacers. Both MOR agonists demonstrated synergistic interactions with MPEP, confirmed by isobolographic analysis (Fig. 3) , supporting analgesic synergism as a potential mechanism by which MMG22 exerts its analgesic effect, although likely targeting MOR and mGluR5 receptors separately as monomers rather than as heteromers. Our neuroanatomical analysis of MOR-ir and mGluR5-ir indicates that MOR and mGluR5 receptors primarily are expressed in separate but proximal puncta in the spinal cord superficial dorsal horn (Fig. 4) , an expression pattern consistent with the spinal analgesic neuropharmacology presented in Figures 1-3 . We evaluated the necessity of the bivalency of MMG22 by comparing the action of the oxymorphone monovalent M19 and the MPEP monovalent MG20. These entities contain only 1 pharmacophore of MMG22 and the corresponding linkers. That MG20 administered alone had no impact on hypersensitivity (Fig. 5) , and no impact on the analgesic effect of M19 (Table 2) indicates that the synergistic interaction is dependent on either coadministration of the parent compounds or as the bivalent ligand. Finally, we compared the MMG22 analog MMG10, which has only a 10-atom linker; a single molecule of MMG10 is unlikely to be able to activate both protomers simultaneously because the spacer length is too short. Surprisingly, MMG10 reduced neuropathic pain behaviors with potency comparable with that of the MMG22. Although 2 molecules of MMG10 may activate MOR and antagonize mGluR5 separately as monomers, it is unlikely that a single molecule of MMG10 effectively binds to both MOR and mGluR5 simultaneously as a bivalent. The comparable effectiveness of MMG10 suggests that bivalent ligands with shorter spacers (and lower molecular weights) may also be effective therapeutic agents to control neuropathic pain, perhaps through synergistically acting at MOR and mGluR5 monomers.
Combination therapy
This study supports a strategy for opioid agonist-mGluR5 antagonist combinations for the treatment of neuropathic pain. The opportunities of therapeutic synergistic interactions of combined compounds to treat cancer, chronic obstructive pulmonary disease, 11 and epilepsy 10 to provide immunotherapy, 49 and to offer analgesic relief 28 are widely appreciated. Despite clear advantages, subsequent development in terms of appropriate preclinical toxicity analysis, optimization of dose ratios, 39 and clinical trials with the specific combinations have been limited 32 relative to the extensive preclinical characterizations of such synergistic combinations and the common use of polytherapy in practice. This discrepancy may be due to increased complexity associated with the development of a drug combination, which requires the optimization of dose ratios, delivery approaches, pharmacokinetics, and assessment of toxicity, all of which must be conducted not only for the agents given singly but as the intended combination.
By contrast, multitargeting of receptor heteromers and the rational development of bivalent ligands to target opioid receptors 59 may offer a straightforward approach for capitalizing on synergistic interactions of distinct receptor systems. In the case of the bivalent ligand, development requires Figure 5 . The MMG22 monovalents M19 and MG20 do not interact. Monovalent ligands were generated for oxymorphamine (M19) and MPEP (MG20). The mu opioid monovalent M19 dose dependently reversed tactile hypersensitivity (black diamonds, median effective dose value 1.1 nmol, 0.45-2.9). However, the MPEPbased monovalent MG20 had no effect (white diamonds). When coadministered, MG20 had no effect on the potency of M19 (half-filled diamonds, median effective dose value 0.9 nmol, 0.5-1.5). n 5 7 mice per group. characterization of a single chemical entity, albeit 1 specifically designed to target 2 receptors. After establishment of preclinical pharmacological efficacy, development should then follow the standard process for a single new chemical entity.
Summary
These studies provide the first evidence for a reduction of nerve injury-induced neuropathic pain by the bivalent ligand MMG22, which simultaneously activates MOR and antagonizes mGluR5. The report also provides the first demonstration of synergistic analgesic interactions between MOR agonists and an mGluR5 antagonist under conditions of neuropathic pain. Such an interaction is consistent with the proposed dual mechanisms of MMG22 and suggests that cotargeting of the 2 receptors by MMG22 (or other bivalent analogs such as MMG10) capitalizes upon this particular synergistic receptor combination. It is noteworthy that the present results differ significantly from those of a mouse bone cancer-induced pain model in which the antinociceptive potency of MMG22 is 3 orders of magnitude greater than its shorter spacer homologues, consistent with MOR-mGluR5 heteromers as a target for bone cancer-induced pain. 53 Given the entirely different profile between spacer length and potency, it may be that the organization of MOR and mGluR5 differs in bone cancer-and nerve injury-induced pain. 62 An expanded understanding of the expression pattern of the monomeric and heteromeric forms of the receptors in the spinal cord and along pain pathways would be beneficial.
